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Microvascula
.e lused for monitoring red blood cell flux, and is used as an index of skin
blood flow (SkBF). Combining LDF with local heating of the skin
(usually at the forearm) provides a simple method for examining
microvascular and endothelial function (Minson, 2010). The cutane-
ous thermal hyperaemia test is commonly used to evaluate the
microvascular reactivity in various populations and disease states
(Arora et al., 1998; Stewart et al., 2004; Boignard et al., 2005; Tew
et al., 2010) and, as such, it is important to assess its reproducibility.
The SkBF response to a non-painful, rapid heat stimulus involves at
least two independent phases: there is an initial, transitory rise,
followed by a nadir, ultimately succeeded by a secondary rise and
heavily dependent on NO synthesis (Kellogg et al., 1999; Minson et al.,
2001). The initial peak and secondary plateau are diminished with
sedentary ageing (Minson et al., 2002; Tew et al., 2010). Although not
fully understood, the age-related decline in the initial peak and plateau
seem largely due to attenuations in sensory nerve-mediated vasodila-
tation (Tew et al., in press) and NO-mediated vasodilatation (Minson
et al., 2002), respectively. Given that themechanisms underpinning the
initial peak and plateau differ between young and older adults, it is
important to assess the reproducibility of the cutaneous thermal
hyperaemia test in both of these groups, something which, to our
knowledge, has never been reported.prolonged plateau (Kellogg et al., 1999; Minso
peak is thought to beprimarilymediatedby an
of C-fibre afferent neurones (Minson et al., 20
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and older adults, Microvasc. Res. (2010), dpress) with modest contributions from nitric oxide (NO) (Kellogg et al.,
1999; Minson et al., 2001) and sympathetic vasoconstrictor nervesIntroductiongroups irrespective of the data presentation method used (e.g., CVs ranging from 25 to 35%). Furthermore,
expressing data as raw CVC or as %CVCBL generally showed poor reproducibility for both groups and all phases
of the test (e.g., CVs ranging from 15 to 39%).
Conclusion: Integrating-probe LDF is a reproducible technique to assess cutaneous thermal hyperaemia on the
forearmwhen data are expressed as %CVCMAX in healthy young and older adultswithout history of hypertension
or taking system drugs.
© 2010 Published by Elsevier Inc.men. A secondary objective was to identify the most reproducible form of data expression.
Methods: Cutaneous thermal hyperaemia was assessed on the forearm in 14 young (25±1 year) and 14 older
(65±1 year) men, using integrating-probe LDF. The test was repeated 7–14 days later. The baseline, initial
peak, and plateau phases of the data traces were identified and expressed as raw cutaneous vascular
conductance (CVC), CVC normalised to baseline (%CVCBL), and CVC normalised to 44 °C vasodilatation (%
CVCMAX). Reproducibility was assessed using the coefficient of variation (CV) and intraclass correlation
coefficient (ICC) statistics.
Results: The inter-day reproducibility was dependent on how the data were expressed. The reproducibility of
the initial peak and plateau was equally acceptable in both young and older adults when data were expressed
as %CVCMAX (e.g., CVs ranging from 4 to 11%). However, the baseline phase was poorly reproducible in bothAccepted 9 December 2010
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2 G.A. Tew et al. / Microvascular Research xxx (2010) xxx–xxxuse of cutaneous thermal hyperaemia in routine practice andmakes it
difficult to compare data between studies. Therefore, it is also
important to identify the most reproducible method of data
expression.
Single-point LDF probes are commonly used on the forearm to
assess microvascular function, despite having poor reproducibility
that is assumed to be due to large spatial heterogeneity in capillary
density (Johnson et al., 1984; Wårdell et al., 1994; Cracowski et al.,
2006). Integrating LDF probes might help resolve the issue of spatial
variability because they assess blood flow over a larger area of skin.
Although many mechanistically-focused LDF studies report the use of
integrating probes (e.g., Shibasaki et al., 2009; Strom et al., 2010; Tew
et al., in press; Wong and Fieger, in press), little is known about the
reproducibility of these when assessing cutaneous thermal
hyperaemia.
Hence, the main aim of this study was to evaluate the inter-day
reproducibility of cutaneous thermal hyperaemia responses (rapid
increase in probe temperature from 33 to 42 °C), as assessed using
integrating-probe LDF, in young and older men. We assessed baseline
responses and the two main phases of the thermal hyperaemic
response, the initial peak and the plateau. A secondary aim was to
identify the most reproducible form of data expression. We hypothe-
sised that the inter-day reproducibility of cutaneous thermal hyper-
aemia would be similar between young and older adults and that CVC
normalised to maximum would be the optimal method of data
presentation.
Methods
Participants
With Local Research Ethics Committee approval, we recruited 14
young (20–32 years) and 14 older (60–72 years) men. Individuals
with cardiovascular disease, hypertension, diabetes or cancer were
excluded, along with smokers and people taking any form of
medication. All volunteers provided written, informed consent prior
to participation. This study was carried out in accordance with the
Declaration of Helsinki.
Laser Doppler flowmetry
A site on the volar aspect of the upper left forearm was chosen at
random (avoiding visible veins, damaged/irritated skin and hair when
possible). At this site, SkBF was measured as cutaneous red blood cell
flux using a laser Doppler flowmeter (Periflux system 5000, Perimed
AB, Järfälla, Sweden) and a 7-point integrating LDF probe (Probe 413,
Perimed AB). Local thermal hyperaemia was induced using a heating
disc surrounding the probe (Model 455, Perimed AB), connected to a
heating unit (Model 5020, Perimed AB). The probewas attached to the
skin using a double-sided sticker. Recordings of the laser Doppler
signal were made using PeriSoft for Windows 9.0 software (PSW 9.0,
Perimed AB). The probe was calibrated using the manufacturer's
motility standard immediately prior to any recording. The systemwas
set to record measurements at 0.03-s intervals.
Protocol
Participants abstained from food and caffeine consumption for 3 h
prior to the first recording, as well as from exercise for 24 h before
their visit. The participants rested in a temperature-controlled room
(23±1 °C) for a 90-min acclimation period prior to local thermal
hyperaemia tests. Heart rate and systolic, diastolic, and mean arterial
pressures were recorded automatically from the right arm at 2-min
intervals throughout the protocol (Dinamap Dash 2500, GE Health-
care, USA).
Please cite this article as: Tew, G.A., et al., Reproducibility of cutaneous
and older adults, Microvasc. Res. (2010), doi:10.1016/j.mvr.2010.12.00presented on each plot. Visual inspection of the Bland–Altman plots
also allows the assessment of whether there is any proportional bias
or heteroscedasticity in the data. Proportional bias is indicated when
the trend of the data follows a non-zero slope, whereas hetero-
scedasticity is indicated when the differences depend on the
magnitude of the mean.
Data were stored and transformed within Microsoft Excel (Micro-
soft Office 2007, Microsoft Corporation, Redmond, WA) and statistical
analyses were performed using Predictive Analytics SoftWare Statis-of ≤10%, 10–25% and ≥25% were considered good, moderate and
poor reproducibility, respectively (Iellamo et al., 1996). The ICC values
and accompanying confidence intervals were assessed using the two-
way mixed model approach, with b0.40, 0.40–0.75 and N0.75
considered as poor, fair-to-good and excellent reproducibility,
respectively (Llandis and Koch, 1977). The 95% limits of agreement
were calculated using the method of Bland and Altman (Bland and
Altman, 1986), with Bland–Altman plots constructed to allow visual
inspection of the data. These plots, which depict the individual
participant differences between the tests plotted against the respec-
tive individual means, provide an indication of systematic bias and
random error by examining the direction andmagnitude of the scatter
around the zero line, respectively. The systematic bias line (repre-
senting the mean of the differences between measurements) andBaseline SkBF data were recorded for 5 min with the local heating
disc temperature set at 33 °C. This was immediately followed by rapid
local heating (1 °C·10 s−1) to 42 °C which was maintained for 35-
min. After this, the temperature of the probe was quickly increased to
44 °C for a final 10 min to obtain maximal vasodilatation (Roustit
et al., 2010). The total length of the heating protocol was 50 min. This
exact protocol was repeated 7−14 days later. To obtain reproducibil-
ity data in the conditions of routine use, locations of the LDF probes
were not marked.
Data analysis
Regions of the response were defined as follows: baseline as the
arithmetic mean of the last 2 min of the first 5 min; initial peak as the
arithmetic mean of the highest consecutive 30-s period within the
distinct initial hyperaemic response; plateau as the arithmetic mean
of the last 2 min of heating at 42 °C, and; maximum as the arithmetic
mean of the last 2 min of heating at 44 °C. Measurements of SkBFwere
divided by mean arterial pressure to give CVC in APU/mm Hg.
Data were presented in three commonly-used formats for compar-
ative purposes: raw CVC, CVC normalised to maximum (%CVCMAX:
[(CVC/maximum CVC)×100]), and CVC expressed as a percentage
increase from baseline (%CVCBL: [((CVC minus baseline CVC)/baseline
CVC)×100]).
Statistical analysis
All outcome measures were normally distributed, as assessed
using the Kolmogorov–Smirnov goodness of fit test. Between-group
differences in participant characteristics and phases of the thermal
hyperaemic response were assessed using Student's t-tests. Statistical
significance was set at Pb0.05 (two-tailed test). Data are expressed as
the means±SD, unless otherwise stated.
Inter-day reproducibility was assessed using the test-retest
within-subject coefficient of variation (CV), the intraclass correlation
coefficient (ICC), and the 95% limits of agreement. The CV values were199tics v18.0(SPSS: An IBM Company, New York, USA).
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Table 1t1:1
Participant characteristics for the young and older groups. Data are means±SD.
t1:2
t1:3 Young Older
t1:4 (n=14) (n=14)
t1:5 Age (years) 25±3 65±3⁎
t1:6 Body mass (kg) 77±14 81±11
t1:7 Stature (cm) 179±5 177±7
t1:8 Resting heart rate (beats·min−1) 56±6 50±7⁎
t1:9 Systolic blood pressure (mm Hg) 119±9 123±9
t1:10 Diastolic blood pressure (mm Hg) 67±9 76±7⁎
⁎ Indicates difference between groups (Pb0.05).t1:11
Q1
Table 2 t2:1
Cutaneous thermal hyperaemia data for the young and older groups. Data are means
(SD).
t2:2
t2:3Young Older
t2:4Raw CVC %CVCMAX %CVCBL Raw CVC %CVCMAX %CVCBL
t2:5Baseline
t2:6Test 1 0.20 (0.05) 7 (2) – 0.20 (0.07) 7 (3) –
t2:7Test 2 0.22 (0.06) 8 (2) – 0.22(0.07) 9 (3) –
t2:8Initial peak
t2:9Test 1 2.48 (0.77) 76 (12) 1321 (532) 2.03 (0.53) 75 (9) 1134 (409)
t2:10Test 2 2.36 (0.45)⁎ 78 (9) 1130 (371) 1.89 (0.49) 73 (13) 909 (290)
t2:11Plateau
t2:12Test 1 2.86 (0.88) 87 (7)⁎ 1513 (564) 2.53 (0.63) 92 (6) 1439 (568)
t2:13Test 2 2.72 (0.46) 90 (5) 1296 (379) 2.44 (0.49) 94 (4) 1213 (456)
CVC indicates cutaneous vascular conductance in APU/mm Hg; %CVCMAX, cutaneous
vascular conductance normalised to maximum; %CVCBL, cutaneous vascular
conductance expressed as a percentage increase from baseline.
t2:145
3G.A. Tew et al. / Microvascular Research xxx (2010) xxx–xxxmass, and resting systolic blood pressure did not differ between
groups (PN0.05). The older adults had a lower resting heart rate and
higher resting diastolic blood pressure (Pb0.05). Figure 1 shows a
representative SkBF trace during the local heating protocol with the
four times periods of data that were used for data analysis clearly
indicated.
CVC data
CVC data for both groups are presented in Table 2. The baseline,
initial peak and plateau responses did not differ between the young
and older groups (PN0.05) regardless of whether data were presented
as raw CVC, %CVCMAX or %CVCBL. Two exceptions to this were the
initial peak when presented as raw values on the second test and the
plateau phase when expressed as %CVCMAX on the first test (both
Pb0.05).
Reproducibility
Inter-day reproducibility data for both groups are presented in
Table 3.
Coefficients of Variation
The CV values were not markedly different between the two
groups. For the baseline data presented as raw CVC or %CVCMAX, CV
values ranged 25–37%, indicating poor reproducibility. For the initial
peak, CV values were moderate for both groups when data were
expressed as raw CVC and %CVCMAX (11–19%), and poor when
expressed as %CVCBL (young=32%, older=38%). For the plateau, CV
values were good when expressed as %CVCMAX (both groups=4%),
moderate when expressed as raw CVC (young=19%, older=15%),
and poor when expressed as %CVCBL (young=30%, older=39%).Fig. 1. A representative cutaneous thermal hyperaemia response during the local heating pro
C, plateau; D, maximum.
Please cite this article as: Tew, G.A., et al., Reproducibility of cutaneous
and older adults, Microvasc. Res. (2010), doi:10.1016/j.mvr.2010.12.001Intraclass correlation coefficients
The ICC data showed contrasting results between the young and
old groups. For the young group, reproducibility was fair-to-good,
with the exception of baseline measurements when presented as raw
CVC which had poor reproducibility and plateau measurements
expressed as %CVCMAX which had excellent reproducibility. For the
older group, raw data and %CVCMAX data showed excellent and fair-to-
good reproducibility, respectively, except for the baseline phase,
which was poor. The reproducibility of initial peak and plateau phases
was also poor when expressed as %CVCBL.
Bland–Altman limits of agreement
Bland–Altman plots for the %CVCMAX data of both groups are
presented in Fig. 2. For all plots, the systematic bias and random error
appeared acceptably low and there was no evidence of heteroscedas-
ticity. There also seemed to be no proportional bias, except for a weak
negative trend in plots D and E.
Discussion
The inter-day reproducibility of cutaneous thermal (sub-maximal)
hyperaemia assessed using integrating-probe LDF was equally
acceptable in young and older men when data were expressed as %
CVCMAX. However, the reproducibility of baseline CVC was generally
poor in both groups irrespective of the data presentation method
used. Finally, expressing data as raw CVC and %CVCBL generally
showedmoderate and poor reproducibility, respectively for the initial
peak and plateau.
The present findings suggest that the inter-day reproducibility of
⁎ Indicates difference between groups (Pb0.05).tocol. Vertical lines represent a change in probe temperature. A, baseline; B, initial peak;
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4 G.A. Tew et al. / Microvascular Research xxx (2010) xxx–xxxvalues for the initial peak and plateau were 11% and 4%, respectively
for both the young and older adults. The reproducibility of these
phases was inferior for both groups when data were expressed as raw
CVC (CV=15–19%) or as %CVCBL (CV=30–39%). The relatively
superior reproducibility of thermal hyperaemia data expressed as %
CVCMAX is in agreement with previous studies (Roustit et al., 2010, in
press), and is probably due to %CVCMAX values being less affected by
local capillary density, which is assumed to be quite variable in the
forearm skin (Johnson et al., 1984; Wårdell et al., 1994; Cracowski
et al., 2006). Furthermore, the poor reproducibility of %CVCBL data is
likely explained by the calculation being highly dependent on the
baseline values, which are also very variable. Although our data
support the use of expressing data as %CVCMAX, there are specific
Table 3
Reproducibility data for the young and older groups.
Young
Raw CVC %CVCMAX
CV (%) Baseline 25 30
95%CI 20, 35 24, 41
Initial peak 19 11
95%CI 15, 26 9, 15
Plateau 19 4
95%CI 15, 25 3, 6
ICC Baseline 0.37 0.47
95%CI −0.96, 0.80 −0.65, 0.83
Initial peak 0.69 0.54
95%CI 0.04, 0.90 −0.42, 0.85
Plateau 0.61 0.90
95%CI −0.22, 0.87 0.70, 0.97
BA-LOA Baseline
Bias −0.02 −1
LOA −0.17, 0.12 −6, 4
Initial peak
Bias 0.12 −3
LOA −1.08, 1.32 −25, 20
Plateau
Bias 0.14 −4
LOA −1.32, 1.60 −11, 4
CV indicates coefficient of variation; ICC, intraclass correlation coefficient; BA-LOA,
conductance; %CVCMAX, cutaneous vascular conductance normalised to maximum; %CVsituations when this might not be appropriate. For example, it might
be inappropriate when comparing groups with differing maximal CVC
responses to heating or in longitudinal studies in which both
functional and structural alterations are likely.
We know of only one other study that has assessed the reproduc-
ibility of forearm cutaneous thermal hyperaemia using integrating-
probe LDF. Agarwal et al. (2010) reported a CV of 9% for the plateau
(n=10; young healthy adults) when data were expressed as absolute
increase in SkBF above baseline. Unfortunately, they did not present
data as CVCor performamaximal heating stimulus to scale responses to
maximal blood flow. They also pre-treated the skin with a topical
anaesthetic to avoid axon reflex anddidnot assess the initial peak.Other
reproducibility studies that have comparable methods of data presen-
tation have used single-point LDF, laser Doppler imaging (LDI) and/or
laser speckle contrast imaging (LSCI) (Roustit et al., 2010, in press). The
inter-day reproducibility (CV) of the initial peak expressed as %CVCMAX
has been reported as 19–25% using single-point LDF, 42% with LDI, and
9%with LSCI (Roustit et al., 2010, in press),whereasweobserved11% for
integrating-probe LDF. For the plateau expressed as rawCVC, CVs of 40–
42% have been reported with single-point LDF, 17% with LDI, and 15%
with LSCI (Roustit et al., 2010, in press), whereas we observed 15–19%
for integrating-probe LDF. Collectively, these findings indicate that the
initial peak can be reliably assessed using integrating-probe LDF or LSCI,
and that the plateau can be reliably assessed using integrating-probe
LDF, LDI or LSCI. The poor reproducibility of single-point LDF probably
derives from the inability of these single-point probes to account for the
assumed large spatial heterogeneity in forearm capillary density
Please cite this article as: Tew, G.A., et al., Reproducibility of cutaneous
and older adults, Microvasc. Res. (2010), doi:10.1016/j.mvr.2010.12.00(Johnson et al., 1984; Wårdell et al., 1994; Cracowski et al., 2006) and
the difficulty in placing probes in exactly the same position on repeat
testing. The issue of spatial variability can be resolved by assessing
changes in blood flow over a larger area of skin, as is possible with
integrating LDF probes, LDl, or LSCI. The imaging techniques are able to
scan larger areas of skin than integrating probes, and this is reflected by
their marginally superior reproducibility (apart from the initial peak
with LDI). However, it is important to note that imaging systems are
expensive, LDI can have poor temporal resolution, and LSCI requires
further validation. Therefore, integrating probes might be a relatively
cheap option for reliably assessing forearm cutaneous thermal
hyperaemia.
Our findings allow the estimation of the number of participants
Older
%CVCBL Raw CVC %CVCMAX %CVCBL
– 37 35 –
29, 50 28, 48
32 15 11 38
25, 43 12, 21 9, 15 30, 51
30 15 4 39
23, 40 12, 20 3, 5 30, 53
– −0.49 0.06 –
−3.64, 0.52 −1.94, 0.70
0.54 0.84 0.71 −0.49
−0.45, 0.85 0.49, 0.95 0.09, 0.91 −3.65, 0.52
0.48 0.75 0.70 0.05
−0.63, 0.83 0.22, 0.92 0.06, 0.90 −1.95, 0.70
– −0.02 −2 –
– −0.24, 0.19 −10, 7 –
192 0.15 2 225
−821, 1205 −0.60, 0.90 −19, 23 −852, 1302
217 0.09 −1 226
−889, 1324 −0.90, 1.09 −11, 8 −1183, 1636
nd–Altman limits of agreement; CI, confidence intervals; CVC, cutaneous vascular
cutaneous vascular conductance expressed as a percentage increase from baseline.310that would be required to detect any biologically meaningful
311difference in thermal hyperaemic responses using integrating-probe
312LDF. For example, when data are expressed as %CVCMAX, and using the
313Test 1 data for the young group with α=0.05 and 80% power, 22 and
3148 participants would be needed to detect a 10% change in the initial
315peak and plateau, respectively. However, when data are expressed as
316raw CVC, 78 and 77 participants would be needed to detect a 10%
317change in the initial peak and plateau, respectively.
318There are three important experimental considerations. Firstly,
319presenting the plateau as %CVCMAX was based on the assumption that
320the CVC responses at 42 °C and 44 °C reflected “function” and
321“structure”, respectively. This might hold true if 42 °C provides a sub-
322maximal stimulus, 44 °C a maximal stimulus, and that the spatial
323variability in CVC measures when using an integrating probe is
324acceptably low. Although heating to 42 °C produced a sub-maximal
325CVC response in all participants,wedonot have the data to demonstrate
326if the latter two points were satisfied or not. Secondly, our findings are
327only applicable to men. We excluded women to avoid the potential
328confounder of menstrual stage, as female sex hormones have been
329shown to alter the skin hyperaemic response to local heating
330(Charkoudian et al., 1999). Thus, further research is needed in females.
331Finally, as the mechanisms underpinning cutaneous thermal hyper-
332aemia are known to be dependent on the rate of local heating (e.g.,
333Hodges et al., 2009), ourfindings are only relevant to rapid local heating.
334In summary, we present data on the inter-day reproducibility of
335cutaneous thermal hyperaemia, as assessed on the forearm using
336integrating-probe LDF, in healthy young and older men without
thermal hyperaemia assessed by laser Doppler flowmetry in young
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5G.A. Tew et al. / Microvascular Research xxx (2010) xxx–xxxhistory of hypertension or taking systemic drugs. The reproducibility
of the initial peak and plateau was equally acceptable in both young
and older adults when data were expressed as %CVCMAX. However, the
baseline phase was poorly reproducible in both groups irrespective of
the data presentation method used. Furthermore, expressing data as
raw CVC and %CVCBL generally showed moderate and poor reproduc-
Fig. 2. Bland–Altman plots for data presented as %CVCMAX. A, young baseline; B, young initial
lines represent the mean differences between tests 1 and 2 (i.e. the systematic bias), and t
Please cite this article as: Tew, G.A., et al., Reproducibility of cutaneous
and older adults, Microvasc. Res. (2010), doi:10.1016/j.mvr.2010.12.001343ibility, respectively for the initial peak and plateau. Comparison with
344previous studies indicates that integrating-probe LDF is superior to
345single-point LDF for assessing cutaneous thermal hyperaemia. We
346conclude that integrating-probe LDF is a reproducible technique to
347assess cutaneous thermal hyperaemia on the forearm in both young
348and older adults when data are expressed as %CVCMAX.
peak; C, young plateau; D, older baseline; E, older initial peak; F, older plateau. The solid
he dashed lines represent the 95% limits of agreement (i.e. the random error).
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